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ABSTRACT

We reconstruct seven sequential positions of the Acadian deformation front and foreland
basin as these features migrated northwestward across Maine from Late Silurian to Middle Devonian

time. The reconstructions are based on (1) U/Pb and “Ar/” Ar ages of pre-, syn-, and post-tectonic
plutons; (2) conodont and palynomorph ages of key strata that predate or postdate the local age of
deformation; and (3) interpretations of the depositional settings of these strata: far-foreland, foreland-
basin, inner trench slope, and orogenic hinterland. Tight correlations between isotopically and
paleontologically dated events are made possible by recent improvements in the Silurian-Devonian
time scale.

In early Ludlow time (~423 Ma), the deformation front must have lain near the present
midline of the Fredericton basin, between the post-tectonic Pocomoonshine pluton (423 Ma) to the
southeast, and the graptolitic Smalls Falls Formation of the same age, 70 km across strike to the
northwest. During early Lochkovian time (~417 Ma), the deformation front was near the present
midline of the Central Maine basin, as recorded by the northwestward advance of slope deposits of
the Carrabassett Formation across axially-transported turbidites of the Madrid Formation. The early
Emsian (406-407 Ma) deformation front lay along or near the Lobster anticlinorium; its position is
bracketed between the post-tectonic Russell Mountain pluton (406 Ma) to the southeast and the
brachiopod-bearing Tomhegan molasse of the same age, 50 km across strike to the northwest . At
the Emsian-Eifelian boundary (~394 Ma), the deformation front was located along the Pennington-
Munsungun anticlinorium, northwest of the post-tectonic Mapleton and Trout Valley Formations, but
southeast of the youngest nonmarine clastics in the pretectonic Fish River Lake Formation. At the
Eifelian-Givetian boundary (~387.5 Ma), the deformation front was probably somewhere near the
midline of the Connecticut Valley-Gaspé basin, northwest of a belt of post-tectonic plutons in
Québec, including the 384-Ma Scotstown pluton, but southeast of three occurrences of deformed
Eifelian carbonates along the basin's northwestern margin. At the Givetian-Frasnian boundary
(~382.5 Ma), the deformation front was somewhere to the northwest of these Eifelian carbonate
outcrops. The orogen thus migrated toward the northwest about 240 km across strike (present
distance) in about 40.5 million years. Meanwhile, on the outboard (southeasterly) side of the orogen,
a boundary between deformed and undeformed rocks moved toward the southeast at least 50 km,
probably during the Early and (or) Middle Devonian.

The migration pattern of the orogen and foreland basin suggests that during collision, a
southeasterly plate that included the Acadian orogenic wedge and its Avalonian backstop overrode
the Taconic-modified margin of North America. The implied minimum plate convergence rate is
about 6 mm/yr. The actual rate must have been considerably faster because the base map is
nonpalinspastic; a more accurate estimate will have to await a careful assessment of Acadian
shortening. If shortening reduced Maine to half its pre-Acadian width (a conservative estimate in
light of the regional-scale tight to isoclinal folding), this would imply a plate convergence rate of 12
mm/yr, at the slow end of the normal range of modern plate motions. The reconstructed positions of
the orogen and foreland basin also constrain the setting of several Silurian and Devonian episodes of
volcanism and plutonism, and certain post-D1 Acadian deformations in the Acadian orogenic
hinterland.

INTRODUCTION

Three decades after Wilson’s (1966) first plate-tectonic interpretation of the Appalachians, a
consensus on the plate geometry that led to the Acadian orogeny still has not emerged — though not
for lack of trying. In this paper, we present new findings and review old evidence bearing on
orogenic timing on a regional scale. By focusing on the syncollisional history, we can make some
new headway on the Acadian problem without getting bogged down in controversies regarding the
precollisional plate geometry.
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Donahoe and Pajari (1973) presented evidence that the Acadian orogeny was diachronous
across strike, beginning in the Early Devonian along the Maine-New Brunswick coast, and ending in
the Middle Devonian in Québec, near the Gulf of the St. Lawrence. This finding was based on the
age and distribution of fossiliferous strata known to predate and postdate deformation, and on
isotopic ages of post-tectonic plutons. Five developments make it worthwhile to revisit this topic.
First, the Silurian-Devonian time scale has undergone major revisions (Tucker and McKerrow,
1995; Tucker, and others, 1998). The new time scale is calibrated by U-Pb zircon ages of ash beds
with good biostratigraphic control; most of the series and stage boundaries are 10-20 million years
older than on the time scale available to Donahoe and Pajari (1973), and the durations of individual
series and stages are very different as well. Second, many Acadian plutons have now been reliably
dated by U/Pb and “Ar/*Ar methods. The new dates, with errors of 1-3 million years, reveal that
most of the Rb/Sr and conventional K/Ar ages used in Donohoe and Pajari's (1973) analysis were
about as far off as the time scale. Third, certain key stratigraphic units that bear on the position of the
deformation front through time have now been dated by conodonts or spores with much greater
precision and accuracy than was ever possible using brachiopods, corals, and plants. Fourth,
paleocurrent directions and depositional environments are now known for several key stratigraphic
units, such as the Madrid and Carrabassett Formations (Hanson and Bradley, 1989; 1993); this has
helped us to locate the foreland basin during two time intervals — and by inference, to locate the
deformation front at the same times. Finally, as will be shown, current understanding of orogenic
wedges, flexural foreland basins, and orogenic backstops makes it possible to glean more
information from conventional stratigraphic evidence about orogenic timing than was possible two
decades ago.

New U/Pb, “Ar/*’Ar, conodont, and palynological data, which were presented by Bradley
and others (1998), are documented here. These new results, and previously published data, enable
us to track six sequential positions of the Acadian deformation front as a wave of D1 deformation
migrated cratonward across the northern Appalachians during Late Silurian to Middle Devonian time.
This information has implications for (1) the rates, trajectories, and amounts of plate convergence,
(2) the syncollisional plate geometry, (3) strike-slip and thrust partitioning during collision, and (4)
the relationship between various suites of igneous rocks and the orogenic belt as it existed at the time
of magmatism.
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REGIONAL GEOLOGY

The study area is the Acadian-deformed belt of Maine, plus adjacent parts of Vermont, New
Hampshire, the Eastern Townships of Québec, and New Brunswick. A good description of the
regional geology was given by Osberg and others (1989). The area of figure 1 is subdivided into ten
map units, seven of which are relevant to Acadian timing. Middle Ordovician and older rocks are
grouped together in figure 1, because they provide no useful constraints on the age of Acadian
tectonism.

Deep-water Silurian strata define four basins: the Connecticut Valley-Gaspé basin,
Aroostook-Matapedia basin, Fredericton basin, and Central Maine basin (fig. 2). The latter two have
been identified by some workers (Bradley, 1983; Ludman and others, 1993) as the former site of an
ocean whose closure resulted in the Acadian orogeny; this interpretation remains controversial.

Flanking the deep-water basins are four tracts where pre-Silurian rocks are now exposed.
These belts — Avalonia, the Bronson Hill-Pennington anticlinorial belt, Miramichi, and the Taconic
orogen — were either undergoing active erosion during at least part of the Silurian, or were the sites
of shallow-water deposition. The shallow-water deposits include carbonate and locally-derived
siliciclastic rocks that range in age from Llandovery to Eifelian. One focus of the present study was
to obtain precise conodont ages from the youngest carbonate rocks in various key stratigraphic
sections.

From Late Silurian to Middle Devonian time, much of the area of figure 1 was inundated by a
thick succession of clastic rocks, which we regard as the fill of a migrating Acadian foreland basin
(Bradley, 1983, 1987, 1997; Hanson and Bradley, 1989). The foreland-basin succession includes
all of the Devonian flysch and Devonian molasse, and part of the deep-water Silurian sequence. For
want of sedimentological studies, the Silurian deep-water deposits cannot yet be confidently
subdivided into foreland-basin and pre-foreland-basin successions. A second focus of the present
study was to obtain palynological ages from key foreland-basin deposits.

Silurian and Devonian volcanic rocks occur in two broad belts (figs. 1 and 2). The Coastal
volcanic belt erupted into basement of the Avalonian terrane along the coast of Maine and New
Brunswick. Farther north lies a second belt of Silurian-Devonian volcanics, which crop out along
parts of the Bronson Hill-Pennington anticlinorial belt, Aroostook-Matapedia basin, Miramichi
anticlinorium, and Connecticut Valley-Gaspé basin. The northerly belt has been called the
Piscataquis volcanic belt (or magmatic belt) in New England (Bradley, 1983) and the Tobique
volcanic belt in Canada (Keppie and Dostal, 1994). The Piscataquis volcanics were erupted in a belt
that had been accreted to North America during the Ordovician.

In all but the northernmost part of figure 1, the rocks were deformed during a Silurian to
Devonian orogeny that can be termed "Acadian” in the loose sense favored here. Where deformation
was polyphase, the age of the first deformation (D1) is of greatest interest for present purposes. The
style and intensity of Acadian deformation is quite variable across the vast area of figure 1. The
common thread, however, is that it was dominantly contractional. In the low-grade rocks of
northern and central Maine, Acadian structures are mostly upright, tight to isoclinal folds. At higher
metamorphic grades in central New Hampshire, east-directed fold nappes predominate (Eusden and
others, 1996), but in southern New Hampshire, thrust- and-fold nappes have westerly vergence
(Thompson and Robinson, 1968). Some strike-slip faulting also occurred during Devonian times,
as will be discussed below.

Silurian and Devonian (Acadian) plutons, ranging in composition from gabbro to granite, are
widespread in the area of figure 1; many are demonstrably syn- or post-tectonic. A major focus of
the present study was to date key plutons across a broad swath from the Maine coast to the
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which is nearly coaxial with an older, tighter syncline of the main phase of Acadian deformation
(Boucot and others, 1964, p. 73).

CENTRAL MAINE BASIN

The stratigraphy of the Central Maine basin is best known from its northwestern flank in the
Rangeley and Phillips quadrangles (figs. 1 and 4, loc. 26), where the Silurian-Devonian deep-water
section is about 8 km thick, and most of the formations have their type localities (Moench and
Pankiwskyj, 1988). Key sedimentary facies interpretations and paleocurrent data for these units,
however, are from 150 km to the east in the Jo Mary Mountain area (Hanson and Bradley, 1989)
(fig. 1, loc. 30). Complicating matters still further, the fossil control that is critical for present
purposes is from yet a third area, Kingsbury-Guilford (figs. 1 and 4, locs. 28 and 29), which prior
to Acadian shortening lay many tens of kilometers from the basin's northwest margin. The
following discussion draws on information from all of these places.

Along the northwestern flank of the basin, the Silurian-Devonian section is divisible into
lower and upper parts based on provenance and paleocurrents (Hanson and Bradley, 1993). Rocks
assigned to the lower sequence (Greenvale Cove, Rangeley, Perry Mountain, and Smalls Falls
Formations; fig. 4), are known or inferred to have been derived from the northwest. A
northwesterly provenance is well established for the Llandovery-age Rangeley Formation at loc. 26
(figs. 1 and 4), which contains conglomerate clasts from the Attean pluton some 50 km to the
northwest, near loc. 12 (fig. 1) (Moench and Pankiwskyj, 1988). Meager paleocurrent data suggest
that the Smalls Falls is the youngest unit of northwest derivation (Hanson and Bradley, 1993). It
consists of rusty-weathering turbiditic sandstones; the type Smalls Falls Formation is assigned a
Ludlow age on the basis of fossils in broadly similar strata from a more southeasterly strike belt, as
discussed below. The upper sequence was derived from outboard sources. It consists of two
widespread units — the Madrid and Carrabassett Formations — plus poorly understood younger
strata of local distribution. The Madrid Formation, in central Maine, is a thick succession of
sandstone-dominated, siliciclastic turbidites; it becomes increasingly calcareous to the southwest in
western Maine and New Hampshire. Paleocurrents show very clear southwesterly direction of flow,
along the basin axis (Bradley and Hanson, 1989). The gradationally overlying Carrabassett
Formation consists of another kilometer or so of chaotic, pelitic olistostrome plus subordinate,
coherent sand- and silt turbidites. Paleocurrents show overall northerly flow (Hanson and Bradley,
1993). Hanson and Bradley (1989) interpreted the Madrid and Carrabassett Formations as having
been deposited along a foreland-basin axis and on a north-facing slope, respectively. Unfortunately,
neither the Madrid nor the Carrabassett have yielded useful fossils. The Madrid Formation is early
Ludlow or younger. The Carrabassett Formation has yielded non-diagnostic brachiopods and plant
fragments consistent with an Early Devonian age (Espenshade and Boudette, 1967, p. F12-F13),
and it is cut by the earliest Emsian Sebec Lake pluton.

The depositional history of the central part of the Central Maine basin is not as well
understood as the northwestern flank, because detailed sedimentological studies are lacking, and
because deformation and metamorphism are more intense. A few observations bear on the timing of
Acadian deformation. Most of the area is underlain by the Sangerville Formation, an isoclinally
folded succession of siliciclastic and calcareous turbidites many kilometers thick. The Sangerville has
yielded graptolites from 13 localities (Pankiwskyj and others, 1976); the most diagnostic collection
(figs. 1 and 4, loc. 28), is middle Wenlock. The overlying Smalls Falls Formation has also yielded
graptolites from a number of localities; the most diagnostic collection (figs. 1 and 4, loc. 29) is early
Ludlow (Pankiwskyj and others, 1976). The overlying Madrid and Carrabassett Formations are the
youngest units along the central part of the basin. The Carrabassett Formation is absent in the most
southerly strike-belt of Madrid Formation, either because it has since been eroded away (Moench and
Pankiwskyj, 1988), or was never deposited (Hanson and Bradley, 1989).



-17-
LITTLETON AND VICINITY, NEW HAMPSHIRE

The classic Silurian-Devonian section near Littleton, New Hampshire (figs. 1 and 4, 1oc.9)
(Billings, 1937) constrains the timing of both Acadian foreland-basin sedimentation and deformation.
The Lower Silurian Clough Quartzite unconformably overlies Ordovician rocks and is followed by the
Fitch Formation, which consists of calcareous metasiltstone, quartzite, granofels, and some limestone.
Harris and others (1983, p. 731) reported an age of late Ludlow to mid-Pridoli for the Fitch Formation
in the Littelton area, based on a conodont fauna representing the Ozarkodina remscheidensis
eosteinhornensis Zone; along strike in Massachusetts, strata assigned to the Fitch Formation are as
young as the woschmidti to eurekaensis Zones of the Lochkovian (Elbert and others, 1988). Both the
Clough and Fitch are shallow-marine deposits; the Fitch has been interpreted as a far-foreland deposit
(Bradley, 1983). The overlying Littleton Formation is a ~1.6-km-thick flysch succession (minimum
thickness, as the top is not seen) deposited in a foreland-basin setting (Bradley, 1983). It has yielded
Emsian brachiopods at two localities in the Littleton area (figs. 1 and 4, loc. 9), and at a third locality
in Whitefield (figs. 1 and 4, loc. 10), where the fossils occur only a few tens of meters above the base
(Boucot & Arndt, 1960, p. 41-43). At Gale River (figs. 1, loc. 39) in the next strike belt to the east, a
tuff from low in the Littleton Formation has yielded an Emsian U-Pb zircon age of 407+2 Ma (R.D.
Tucker and D. Rankin, unpublished data). Still further east at Beaver Brook (fig. 1, loc. 8), a
brachiopod fauna suggests a slightly older age ("Oriskany, possibly Esopus"; Boucot and Rumble,
1980, p. 192-194) than at locs. 9 and 10. The Littleton thus appears to be diachronous across strike at
the latitude of its type area.

SOUTHWESTERN MOOSE RIVER SYNCLINORIUM, MAINE

In the southwestern part of the Moose River synclinorium, western interior Maine, local
carbonate-bearing units overlie Ordovician and older rocks, providing good age constraints on the
onset of Acadian foreland-basin sedimentation. At Beck Pond (figs. 1, 4, and 5, loc. 12), the post-
Ordovician section begins with the Beck Pond Limestone (Boucot and others, 1959). It includes
reef limestone intercalated with boulder conglomerate derived from the nearby Attean pluton, of
Ordovician age. A rich brachiopod fauna initially suggested an "upper Helderberg, New Scotland"
age (Boucot and Heath, 1969). However, conodonts from the upper part of the Beck Pond (member
5 of Boucot and others, 1959) include Belodella devonica, Decoriconus sp., Dvorakia sp., coniform
elements of Icriodus sp. indet., and Ozarkodina remscheidensis remscheidensis, indicating, instead,
an early Lochkovian age (table 2). The Beck Pond Limestone is overlain by a considerable
thickness, probably 2-3 km, of Lower Devonian flysch assigned to the Seboomook Group (formerly
Formation; Pollock, 1987). Boucot and others (1959) interpreted the contact between Member 5 of
the the Beck Pond and overlying slate of the Seboomook as an angular unconformity. Upon digging
out this contact (at loc. 10 of Boucot and others, 1959), we observed that reefal limestone debris
interfingers with black silty shale. The conodonts thus date the top of the Beck Pond Limestone, the
base of the Seboomook flysch sequence, and the onset of Acadian foreland-basin sedimentation.

About 1 km to the north (figs. 1, 4, and 5, loc. 12), the Bear Pond Limestone (Boucot and
others, 1959) is a carbonate lens or buildup not far above the base of the Seboomook Group. It is
exposed at but a single outcrop; the known stratigraphic thickness is only about 10 meters. A rich
brachiopod fauna again indicates an "upper Helderberg, New Scotland" age (Boucot and Heath,
1969) for the buildup and, by implication, for the immediately overlying and underlying Seboomook
siltstones and sandstones. A large conodont sample yielded a meager conodont fauna of Belodella
devonica, Ozarkodina remscheidensis eosteinhornensis, and fragments of Icriodus sp. Indet. or
Pedavis sp. indet., allowing a possible age range from late Ludlow to early Pragian (table 2).
Nearby, Boucot and Heath (1969, p. 36) reported several brachiopod occurrences that suggest a
Pragian age for all but the lowest beds of the Seboomook Group in the Moose River synclinorium.
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The Seboomook Group is the youngest pre-Acadian stratified unit in the area; it not not known to
extend upward beyond the Pragian.

Atloc. 13 (figs. 1, 4, and 5), the post-Ordovician section begins with the McKenney Ponds
Limestone Member of the Tarratine Formation. Boucot and Heath (1969) reported a "Becraft-
Oriskany" (late Lochkovian to Pragian) age based on brachiopods. This assignment can be
somewhat refined based on our conodont collections (table 2). The most diagnostic of three samples,
located 2 m stratigraphically below the lowest siliciclastic beds in the Tarratine Formation, yielded
Belodella devonica, Icriodus sp. indet., Ozarkodina remscheidensis remscheidensis, and
Pseudooneotodus beckmanni. A Lochkovian, but not earliest Lochkovian age is indicated by the
icriodids, which are of a post-I. woschmidtii morphotype. The limestone member is gradationally
overlain by sandstone of the main body of the Tarratine Formation, which both interfingers with and
overlies the Seboomook Group, and likewise is interpreted as part of the foreland-basin fill. The
Tarratine Formation has yielded Oriskany-age (Pragian) brachiopods from several nearby locations
(Boucot and Heath, 1969).

NORTHEASTERN MOOSE RIVER SYNCLINORIUM, MAINE

This area provides crucial stratigraphic constraints on the age of the youngest foreland-basin
deposits. In the area of northern Moosehead and Brassua Lakes (figs. 1 and 4, loc. 15), Ordovician
and older basement rocks are overlain by poorly dated, Silurian calcareous rocks and Devonian(?)
red shale (Boucot and Heath, 1969). The Acadian foreland-basin succession begins with the
Tarratine Formation, which is about 2 km thick in the area (Boucot and Heath, 1969, plate 19). The
Tarratine Formation has yielded abundant brachiopods of Oriskany age (Boucot and Heath, 1969, p.
27), that is Pragian. The Kineo Rhyolite, sandwiched between the Tarratine Formation, below, and
the Tomhegan Formation, above, represents a pulse of silicic magmatism in the foreland basin. It has
yielded only discordant zircon ages, marked by inheritance. It is comparable in stratigraphic position,
composition, and eruptive environment to the 406-407 Ma Traveler Rhyolite (Rankin and Tucker,
1995), 65 km to the northeast (figs. 1 and 4, loc. 17); the Kineo and Traveler are presumably coeval.
The Kineo varies in thickness from a feather edge at its northern limit to about 1200 m just a few
kilometers to the south. The Kineo is overlain by the main body of the Tomhegan Formation,
consisting of cross-bedded, probably deltaic sandstones (L. Hanson and D. Bradley, unpublished
field observations). Boucot and Heath (1969, p. 17) estimated the thickness at about 1800 m — a
minimum, as the top is not preserved. Brachiopods in the Tomhegan indicate a "Schoharie" age
(late Emsian) (Boucot and Heath, 1969, p. 20). The Tomhegan is the youngest pre-Acadian unit in
this part of Maine, and it shows that the Acadian deformation here was no earlier than the late
Emsian.

TRAVELER-CHESUNCOOK AREA, MAINE

Along the west side of the Katahdin batholith (figs. 1, 4, and 5, loc. 16), Silurian
sedimentation began with deposition of shallow marine conglomerate, limestone, and siltstone
assigned by Griscom (1976) to the Ripogenus Formation. Various localities within the Ripogenus
Formation have yielded brachiopods of Llandovery C3-CS5, late Wenlock, and possible Ludlow ages
(Boucot and Heath, 1969, p. 53). A conodont sample (9SMDW130) from Ripogenus Dam (table 2;
figs. 1 and 4, loc. 16) yielded Decoriconus sp. indet., Dvorakia sp. indet., Oulodus sp. indet.,
Ozarkodina excavata, and Panderotus sp. indet., permitting an age range of late Ludlow to early
Lochkovian. The Ripogenus is gradationally overlain by siltstone and andesite (West Branch
Formation), followed by red shale (Frost Pond Shale); these units are barren of fossils but are
probably Lochkovian. The overlying Seboomook Group begins the Acadian-derived clastic
succession. It consists of thin-bedded turbidites that have yielded Oriskany-age (Pragian)
brachiopods from a locality at Chesuncook Lake (R.B. Neumann, in Griscom, 1976, p. 147-148).
The Seboomook is overlain progradationally by the Matamagon Sandstone, which has also yielded
Pragian brachiopods (see, for example, R.B. Neumann, in Griscom, 1976, p. 151-152). North of
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the Katahdin pluton (figs. 1 and 4, loc. 17), the Seboomook and Matagamon together comprise a
prodelta and delta deposited by west-directed paleocurrents (Hall and others, 1976; Pollock and
others, 1988). The Matagamon Sandstone is overlain conformably by the Traveler Rhyolite. There
appears to have been no hiatus between the two because clastic dikes of Matagamon Sandstone
intrude upward into the basal rhyolite (Rankin, 1968). Concordant U/Pb zircon ages of 406 Ma
from the Black Cat Member and 407 MA from the Pogy Member (Rankin and Tucker, 1995) indicate
an early Emsian age for the Traveler Rhyolite and most likely, as well, for the uppermost beds of the
Matagamon Sandstone. The Silurian through upper Emsian strata were involved in the regional
Acadian folding, which produced a regional northeast-striking cleavage.

The Traveler Rhyolite is overlain by essentially undeformed nonmarine sandstone and
conglomerate of the Trout Valley Formation. Although an angular unconformity cannot be
demonstrated at outcrop, 1:62,500-scale mapping shows that the Trout Valley Formation truncates
major structures in the Traveler (Rankin, 1968). Kasper and others (1988) reviewed the history of
age assignments for the Trout Valley based on plant fossils. Palynomorphs from the Trout Valley
(McGregor, 1992) indicate a latest Emsian to earliest Eifelian age, corresponding to the .
douglastownense-eurypterota spore assemblage zone, or the patulus conodont zone (table 1; fig. 5).
The Trout Valley is therefore significantly younger than the Traveler Rhyolite.

MUNSUNGUN ANTICLINORIUM, MAINE

The Munsungun anticlinorium is cored by Ordovician and older rocks, which are
unconformably overlain by a complex assortment of locally-derived clastic, volcanic, and carbonate
rocks (figs. 1 and 4, loc. 18). Hall (1970) assigned these to the East Branch Group and to the laterally
equivalent Spider Lake Formation. Corals and brachiopods from a number of fossil occurrences give
ages of Ludlow, Pridoli, and "middle or upper Helderberg" (Hall, 1970, p. 35). Next follows the
Seboomook Group, which is the youngest rock unit in the area, having yielded brachiopods of
Oriskany (Pragian) age from three places (figs. 1 and 4, loc. 18) (Hall, 1970, p. 41). Acadian
deformation must be Emsian or younger along the Munsungun anticlinorium.

A similar succession has been reported from the Millimagassett Lake area, at the southern end
of the Munsungun anticlinorium (figs. 1 and 4, loc. 20). The Grand Lake Seboeis Group consists of
slate, sandstone, conglomerate, calcareous slate, and volcanic rocks. Hibbard (1994, p. 216) cited
nine fossil collections that give a range of "Late Silurian to earliest Devonian" (no details were
published). The Grand Lake Seboeis Group grades up into, but may interfinger with, the
Millimagassett Lake Formation, which has yielded Late Silurian, most likely Pridoli brachiopods and
corals near its base (Hibbard, 1993); presumably its upper part extends at least into the Lochkovian, if
not the Pragian. According to Hibbard (1994), the Millimagassett Lake Formation is a flysch
succession resembling the Seboomook Group. It appears to be the oldest such flysch yet identified
along the anticlinorial belt, possibly 2-3 million years older than the Seboomook Group at Beck Pond
(figs. 1 and 4, , loc. 12), and 5-10 million years older than along the Munsungun anticlinorium (figs.
1 and 4, loc. 18). In the Millimagassett Lake area, Hibbard (1994) reported evidence for an early
Acadian sinistral shear deformation that was followed by the main, regional Acadian folding on
northeast-strike axes. Both phases of deformation are Lochkovian or younger.

PENNINGTON ANTICLINORIUM, MAINE

To determine the timing of Acadian foreland-basin sedimentation and deformation along the
northwestern limb of the Pennington anticlinorium (figs. 1, 4, and 5, locs. 21, 22, and 23), it is first
necessary to unravel some stratigraphic problems. The Silurian to Devonian Fish River Lake
Formation of Boone (1970) consists of sandstone, siltstone, conglomerate, mafic and silicic volcanic
rocks, and impure limestones. Unnamed unit DSus, as shown on the bedrock geologic map of
Maine (Osberg and others, 1985), occurs along strike from the Fish River Lake Formation, at the
same broad stratigraphic level. New information reported here suggests that both the Fish River
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Lake and unit DSus are made up of two unrelated successions: an older one that includes volcanic
and calcareous rocks, and a younger one of plant-bearing siltstone, sandstone, and conglomerate.

Carbonate rocks from the Fish River Lake Formation have yielded brachiopods of Late
Silurian ("Cobleskill", Pridoli) and Early Devonian ("New Scotland", Lochkovian) age (A.J.
Boucot, in Boone, 1970, p. 33-34). We processed a shaly limestone from one of Boucot's
Cobleskill-age locations (figs. 1 and 4, loc. 21) for conodonts, but the sample yielded only
nondiagnostic Silurian-Devonian forms (table 2). Within unit DSus, the informally named Square
Lake Limestone occurs in a single lakeshore exposure (figs. 1, 4, and 5, loc. 23). Boucot (in
Boone, 1970) placed the brachiopod and coral fauna "definitely within the lower Helderberg series”
(that is, woschmidlti to eurekaensis Zones of the Lochkovian). Conodonts from the most diagnostic
of two samples of reef limestone give an age range of late Ludlow to early Lochkovian (table 2, figs.
1 and 4, loc. 23).

Plant-bearing sandstones and siltstones from Boone's Fish River Lake Formation and unit
DSus have yielded spores, some of which are considerably younger than the brachiopods
(McGregor, 1962, 1963, 1968, and 1996) (table 1, fig. 5). This conclusion is based on material
submitted without lithologic descriptions to McGregor by Eli Mencher in the 1960s, and by Bradley
in 1995. In unit DSus, the most closely dated of two siltstone samples is undoubtedly Early
Devonian, probably Lochkovian or early Pragian in age (table 1). Bedding and a strong cleavage
(presumably Acadian) in these rocks both are subvertical. In the Fish River Lake Formation, two
samples of dark, thin-bedded siltstone are of late Pragian-early Emsian age (polygonalis-emsiensis
Zone). These rocks, which resemble the Seboomook Group, are also folded and cleaved. Three
sandstone samples from 1995 and two samples of unknown lithology from the 1960’s are of late
Emsian to early Eifelian age (douglastownense-eurypterota Zone). The 1995 samples of this age are
from a succession of fluvial or marginal-marine plant-bearing sandstone and conglomerate at Nadeau
Thoroughfare (figs. 1, 4, and 5, loc. 22), which dip moderately (50°) but lack cleavage. One of the
1995 samples yielded acritarchs, hence is of marine origin. Finally, one sample of unknown
lithology submitted to McGregor by Mencher in the 1960s is early to middle Eifelian (velatus-langii
Zone).

Piecing together these various facts, we suggest that far-foreland carbonate sedimentation
was underway during the late Silurian and at least part of the Lochkovian. An influx of orogenically-
derived siliciclastics began in late Lochkovian or early Pragian time. Deposition of the plant-bearing
sandstones probably lasted from about late Emsian into the early or middle Eifelian. Taken together,
the palyniferous strata can be interpreted as components of a prograding foreland-basin sequence,
akin to the somewhat older Seboomook-Matagamon succession farther south.

MADAWASKA REGION, NEW BRUNSWICK

Two useful constraints on Acadian timing are available from northwesternmost New
Brunswick, where the Aroostook-Matapedia and Connecticut Valley-Gaspé basins come together
(figs. 1 and 4, loc. 24). The Upper Ordovician and Silurian are represented by various deep-water
facies (St. Peter, 1977). The youngest Silurian rocks are mostly green slate and calcareous siltstone of
the Perham Formation, which has yielded graptolites as young as middle to late Ludlow (St. Peter,
1977, p. 30). There follows a gap in the fossil record spanning the Pridoli, Lochkovian, and Pragian.
The overlying Temiscouata Formation consists of several kilometers of siliciclastic turbidites
characterized by abundant slump folds; Hesse and Dalton (1995) interpreted the Temiscouata as a
submarine foreland-basin succession. It has yielded brachiopods now assigned an Emsian age (St.
Peter and Boucot, 1981, p. 91). The Temiscouata Formation has been penetratively deformed;
Acadian deformation must be Emsian or younger in age.
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LAPATRIE AND STE. CECILE DE WHITTON, EASTERN TOWNSHIPS, QUEBEC

In the Eastern Townships of Québec, the axial region of the Connecticut Valley-Gaspé basin
is occupied by a thick succession of Acadian-deformed sandstone and slate assigned to the Compton
Formation (Slivitski and St.-Julien, 1987). Sandstones of the Compton Formation have yielded
Emsian plant fossils from locs. 3 and 4 (figs. 1 and 4) (Hueber and others, 1990). Although the
age of onset of foreland-basin sedimentation in this area is unknown, the presence of Emsian
foreland-basin deposits suggest that the orogen was not far off at the time. Acadian deformation in
the Eastern Townships must have taken place between 409-394 (possible age range of the Compton
Formation) and the 384+2 Ma Scotstown pluton, which is the oldest post-folding pluton that
intrudes the Compton Formation (Simonetti and Doig, 1990).

NORTHWEST MARGIN OF THE CONNECTICUT VALLEY-GASPE BASIN, QUEBEC

Three localities along the northwest margin of the Connecticut Valley-Gaspé basin in Québec
provide important contstraints on the age of Acadian foreland-basin sedimentation and deformation.
The most informative strata are at Saint-Georges (figs. 1 and 4, loc. 5), where the Eifelian Famine
Formation unconformably overlies the Ordovician Magog Group (Uyeno and Lesperance, 1997).
The Famine begins with a basal conglomerate, overlain by limestone, which is coral-bearing at the
bottom but becomes progressively finer-grained and shalier upsection. The maximum preserved
thickness is 215 meters. Uyeno and Lesperance (1997) have documented a conodont fauna of
costatus age, a refinement on the previously quoted Eifelian age (Oliver, 1971), which was based on
corals and brachiopods. The Famine Formation is the youngest unit at Saint-Georges; it was
involved in regional Acadian deformation which thus must postdate the costatus Zone.

In the Lac Temiscouata area (figs. 1 and 4, loc. 7), the situation is similar to that at Saint-
Georges. The key unit, comparable to the Famine, is the Touladi Limestone. It rests with slight
angular unconformity on various older units ranging in age from possibly Ordovician to Late Silurian
(Uyeno and Lesperance, 1997). The Touladi consists of mostly bioclastic limestone with a
maximum preserved thickness of 105 meters. Recent conodont studies by Uyeno and Lesperance
(1997) indicate a position in either the australis Zone or the kockelianus Zone of the Eifelian. This
refines but does not significantly alter the Eifelian age quoted by Boucot and Drapeau (1968).

Devonian limestones at Lac Memphremagog (fig. 1, loc. 2) suggest a similar interpretation,
although biostratigraphic control is not as tight. There, the Mountain House Wharf Limestone is a
dark, slaty limestone surrounded by, and probably faulted against, Ordovician rocks (Boucot and
Drapeau, 1968). It has yielded a brachiopod and coral fauna of Eifelian age (Boucot and Drapeau,
1968, p. 9). Three of four large conodont samples yielded only long-ranging forms of middle
Emsian to Frasnian age (table 2, fig. 5).

The coral-bearing shallow-water limestones at Saint-Georges, Lac Temiscouata, and Lac
Memphremagog were probably deposited in a far-foreland setting. The upward-deepening trend at
Saint-Georges most likely records the beginnings of foreland-basin subsidence. Reckoning that an
interval of foreland-basin sedimentation would have preceded deformation, the Acadian orogeny most
likely took place at Saint-Georges during the Givetian, or conceivably during the latter part of the
Eifelian. Defomation at Lac at Temiscouata probably took place a few million years later than at Saint-
Georges.

MONTREAL, QUEBEC

Devonian strata do not crop out anywhere north of the Mohawk River in central New York,
but were once present in Montreal, 330 km to the north (figs. 1 and 4, loc. 1). The St. Helenes
Breccia (Boucot and others, 1986) is a Cretaceous diatreme that was emplaced into a region of gentle
foreland deformation about 20 km cratonward of the Paleozoic thrust front. The diatreme contains



-23-

an assortment of xenoliths that reveal the former existence of a Devonian succession similar to that in
eastern and central New York State. The diatreme, in the words of J.B. Thompson, is a "drill hole in
the sky". The inferred sequence is Lochkovian (Helderbergian) limestone, Pragian (Oriskany-age)
sandstone and limestone, Emsian (Bois Blanc- or Schoharie-age) limestone, Eifelian (early and late
Onondagan) limestones, and Givetian (Hamilton-age) micritic limestones, siltstones, and
sandstones. The latter siltstones and sandstones resemble the Hamilton, which in the Catskills of
eastern New York State comprises the base of the main foreland-basin sequence. By implication, the
leading edge of the foreland basin was near Montreal during Givetian time.

ISOTOPIC AGES OF ACADIAN PLUTONS

When the present study was first conceived, only a handful of high-precision U/Pb and
40Ar/39Ar ages were available for Silurian and Devonian plutons in the area of figure 1 — not
enough to reveal a clear regional age pattern to the plutons. Accordingly, we set out to date all the
significant Acadian plutons in a swath from the Maine coast to the Maine-Québec border. New U/Pb

and (or) 40Ar/3%Ar ages are reported here for 17 plutons. Other new ages from the U/Pb lab at
Washington University were reported by Tucker and others (in press) for plutons near and on the
Maine coast, by Rankin and Tucker (1995) for the Katahdin area, and by Solar and others (1998) for
western interior Maine. Figure 6 and table 3 summarize the best available emplacement ages and
clearly reveal plutonic belts around 420 Ma near the coast and 406-407 Ma further inland; these are
essential in positioning the deformation front. Other plutons are significantly younger than ~406 Ma
and some of these also occur in discrete belts, but they are not as useful in tracking the Acadian
front.

Acadian plutons fall into three broad and somewhat overlapping categories: pre-, syn- and
post-tectonic with respect to the local first phase (D1) of Acadian deformation. A pluton might be
classified as post-tectonic, even though the Acadian orogeny was still underway elsewhere during
the pluton's emplacement. We considered three types of anecdotal evidence in assessing the age of
plutonism relative to Acadian deformation: (1) map-scale relations to Acadian folds and faults; (2)
plutonic rock fabrics; and (3) metamorphic textures in the contact aureole.

U/Pb ANALYTICAL METHODS

U/Pb analyses (fig. 7 and table 4) were performed at the geochronology laboratory at
Washington University, St. Louis. Zircon was extracted from 5-10 kg samples using standard
techniques of density and magnetic separation. Zircon grains were selected for analysis on the basis
of size, color, clarity, and morphology (table 4). Sample sizes varied, depending on U content, grain
size, and age, but most analyses were performed on fractions of 5 to 20 crystals, generally with less
than 200 ng of radiogenic Pb. All analyses were air-abraded (Krogh, 1982) and cleaned sequentially
in warm 4N HNO3, water, and distilled acetone to remove components carrying common Pb.

X)Zash%d and weighed zircon fractions were then loaded in TFE Teflon bombs, spiked with a mixed

Pb-""U tracer solution, and digested in 48% HF and 7N HNO3 for 72 hours at 210°C. Following

digestion and conversion to chloride form, Pb and U were purified using ion-exchange techniques
described in Krogh (1973). Total-procedure blanks for Pb and U, measured during the period of
analysis, ranged between 1-8 pg and <1 pg, respectively; total common-Pb abundances were
reported for each analysis in table 4. Initial-Pb compositions result in insignificant changes to the
calculated ages.

Isotope ratio measurements of Pb and U were made in a VG Sector-54 thermal ionization
mass spectrometer with enhanced pumping capacity, seven moveable collectors, and a Daly-type
detector with ion-counting capability. Lead and uranium were loaded together on outgassed single-
Re filaments with silica gel and phosphoric acid, and all measurements were made by the method of
peak-hopping in ion-counting mode. Ion-beam intensities ranged between 0.5 x 10-13A and 1.5
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x 10-13A for 206Pb+, and between 0.5 x 10-13A and 2.5 x 10-13A for 235U (measured as UO2+).

Daly bias and nonlinearity were periodically monitored with NIST and CBNM isotopic reference
materials, and correction factors and errors for Daly gain were used in data reduction.

Errors for the 238U/206Pb, 235U/207Pb, and 20715b/206Pb ages were estimated using the
method of Ludwig (1980); all age uncertainties are quoted at the 95% confidence level. Cited ages

are the mean 207Pb/206Pb age of concordant or slightly discordant analyses weighted according to
the inverse variance of each analysis (Ludwig, 1992); the quoted age error is the standard error of the
average value calculated using the assigned error for each analysis. The reliablity of all cited ages
may be evaluated by the MSWD (mean square of the weighted deviates) which is a measure of the
observed scatter to that predicted by the assigned errors to each analysis. In all cases, the MSWD is
much less than one, indicating that assigned errors may be somewhat overestimated.

405 /39Ar ANALYTICAL METHODS

“Ar/*Ar analyses (fig. 8 and table 5) were performed at the geochronology laboratory at
University of Maine, Orono; table 5 lists analytical data. Samples were separated using standard
magnetic and density separation techniques. The purity of the samples was estimated to be greater
than 99.5%. Samples, flux monitors (SBG-7 inter-lab standard), and K and Ca salts were
encapsulated in Al foil and sealed in silica glass vials. These were irradiated in the L67 postion of
the Ford Nuclear Reactor at the University of Michigan. Micas and flux monitors weighed
approximately 35 mg. Samples were heated in a molybdenum crucible within the ultra-high
vacuum system on line to the mass spectrometer using radio frequency induction. Temperature
estimates have an estimated uncertainty of + 50°C. Inert gases were purified using standard
gettering techniques. The isotopic composition of Ar was measured digitally using a Nuclide 6-60-
SGA 1.25 mass spectrometer. All data were corrected for mass discrimination and interfering
argon isotopes produced during irradiation (Dalrymple and others, 1981). The decay constants
recommended by Steiger and Jager (1977) were used to calculate the ages. Error calculations
included both the uncertainty in the analytical measurement and the uncertainty in the J-value and

are reported at the 26 level. Each sample was analyzed in a minimum of eight increments and no
more than 15 increments. A plateau age represents the mean of ages in consecutive increments that

are not different based on 2¢ analytical uncertainties.
LUDLOW, PRIDOLI, AND LOCHKOVIAN PLUTONS

Previous findings. Until a few years ago, the numerous gabbroic to granitic plutons
along the Maine coast were all assigned to the Devonian, but in light of modern “Ar/*Ar and U/Pb
dating and the new time scale, the oldest group of plutons now is known to range from Ludlow to
Lochkovian. The first pluton in Maine to yield an undoubted Silurian age was the Pocomoonshine
gabbro-diorite (PO in fig. 6). It yielded a “ Ar/*’Ar amphibole plateau age of 422.7+3 Ma (West and
others, 1992). The pluton is post-tectonic: it intruded into already deformed turbidites of the
presumably Lower Silurian Flume Ridge Formation, and "stitches" the fault contact between the
Fredericton basin and the St. Croix belt to the south (West and others, 1992). New zircon ages from
the Utopia (423.0+1.0 Ma; UT in fig. 6) and Welsford (422.0+1.0 Ma; WL in fig. 6) plutons (M.L.
Bevier, written communication, 1996) extend the belt of known Ludlow-age plutons into southern
New Brunswick. A number of plutons in the Penobscot Bay region have also yielded concordant
zircon ages of 424-417 Ma, that is, Late Silurian to earliest Devonian. These include the Somesville
(424.0+2.0 Ma; SV in fig. 6), Blinn Hill (424.0+2.0 Ma; BH in fig. 6), Lake St. George
(422.0+2.0 Ma; LS in fig. 6), North Union (422.0+2.0 Ma; NU in fig. 6), Spruce Head (421.0+1.0
Ma; SH in fig. 6), Youngtown (420.0+2.0 Ma; YT in fig. 6), Sedgwick (419.5+1.0 Ma; SE in fig.
6), South Penobscot (419.2+2.2 Ma; SP in fig. 6), Cadillac (419.0+2.0 Ma; CD in fig. 6),
Northport (419.0+£2.0 Ma; NP in fig. 6), and Lincoln plutons (417.7+1.0 Ma; LI in fig. 6) (table 3;
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